An approach has been developed for predicting rates of interphase mass transfer under conditions of high flux and high concentration level. A rectangular channel device has been used to measure rates of evaporation of four solutes carbon disulfide, n-pentane, cyclopentane and ethyl ether from n-tridecane into flowing nitrogen. The evaporation rate of carbon disulfide agreed with the prediction of the interphase theory up to a CS a mole fraction of 0.30 in the bulk liquid.
.
INTRODUCTION
In Part I of this series, which deals with the evaporatien of a pure liquid into an adjacent gaseous stream, the analysis of the mass transfer performance of the system was simplified by the lack of mass transfer resistance in the liquid phase. The interfacial concentration of the evaporating species in the gas phase could be obtained directly from the vapor pressure-temperature relationship for the'Iiquid in:question. The calculation of mass transfer rates for the evaporation of liquid mixtures is considerably more complex, since the mass transfer resistance can lie in both the gas and the liquid phases. The interfacial gas-phase concentration of a species evaporating from a liquid mixture into an inert gas is not only a function of interfacial temperature, but is also dependent on the ratio of the mass transfer coefficients in the two phases. From a mathematical viewpoint we see that,' 'since the mass transfer resistance is divided between two phases, the problem requires the simultaneous solution of. two partial differential equations --the convective transport equations for both phases. If the complicating factors of high flux and high concentration level are also important, the mathematical problem becomes still more difficult.
The purpose of this portion of the present work was to investigate high-flux, high-concentration-level mass transfer under conditions where the transfer resistance is divided between two phases. A simplified mathematical approach to the situation was developed, and its predictions were compared with experimental measurements. During the course of the experimental work, cellular convection was observed in the evaporating liquid phase. Because of the large effect which these convection cells had upon the liquid-phase mass transfer coefficients, a detailed study of this effect was also conducted.
The experimental equipment utilized in this study was the same Lewis 15 and Whitman. 3l The "two-film" approach used by these authors resulted in a Simple addition of the individual phase resistances to yield the over-all mass transfer resistance~ In recent years this "addition of resistances" principle has been invoked for many other models besides the simple film approach for which it was originally developed.
Kingll has shown that there are a number of criteria which should be satisfied by the physical situation in order for the additivity of independently measured individual phase resistances to be valid. In practice, it has been found that the effects of ( these criteria tend to cancel out one another in equipment providing only a single exposure of the contacting phases, particularly when the additivity prinCiple is applied to the average rather than the local mass transfer coefficients. In complex contacting equipment, such as packed and plate columns, the departUre from additivity can be much more severe.
·Byers and King7,8 have shown that for the cocurrent laminar flow contacting device used in this study ~he additivity of resistances principle.isaccurateto better than 2%, provided that the Graetz number (DABL/Uavgb2) is less than 0.50 for the situation in question. It should be noted, however, that this conclusion was for the special case of low flux and low .concentration level. From the few other exact solutions of the interphase mass transfer problem, it can be generally stated that the prin- In order to carry out the addition of resistances under high flux and'high concentration level conditions, it is first necessary to define several quantities. A convenient and accurate assumption for most liquid-phase mass transfer calculations is that of constant partial molal volume. This assumption leads to a mass transfer coefficient for the liquid phase which is based on volume fraction driving forces:
CPAoo refers to the inlet liquid concentration.
(1)
For the limiting case of low flux mass transfer we may then write: (2) In a similar manner, we can also develop a set of dimensionless high-flux parameters for the liquid phase, analogous to those used in Part I for the gas phase but based upon volume fraction rather than mole fraction:
In addition to the local mass transfer coefficients, it is also convenient to define average mass transfer coefficients which are based upon average values of the interfacial flux and the various concentration variables, for example:
where the interfacial flux and concentration variables are averaged over the entire mass transfer exposure.
If we now divide Equation 5 into its gas-phase equivalent, while realizing that -NAo,G must be equal to NAo,L' we obtain:
In order to simplify the remaining calculations the following assumptions will now be made • .
1. The perfect gas laws are applicable to the gas phase; i.e., the gas-phase mole fraction can be found from the equation
The liquid phase is a binary mixture, with the components having a constant partial molal volume, 
the ratio of the cup-mixing gas phase solute mole fraction to the mole fraction which would be in equilibrium. with the bulk liquid composition at the interfacial temperature.
. PHYSICAL PROPERTIES . . . . Four different binary liquid systems were used during the .. course of the experiments. In each case the nonvolatile solvent was n-tridecane. The volatile species were n-pentane, cyclopentane, ethyl ether and carbon disulfide. For each of these systems it was necessary to accumulate several physical properties for use in the equations to predict Fs from theory. Values of these physical properties are summarized in Table 1 .
Vapor-liquid equilibrium data were measured experimentally for each system as a function of concentration level by measuring the bulk exit gas composition for a number of runs made at very low gas flow rates. These data are reported in detail elsewhere ,9 ,. and were used as the basis for computed Fs. It was found that all systems agreed reasonably well with Raoult's law; the most extreme deviations occurred for ethyl ether, which exhibited an activity coefficient of about 1.25 at high dilution in n-tridecane.
Surface tensions were taken from standard references;1,28 that for n-tridecane was calculated to be 26 
Koefoed and Villadsen 13 report surface tensions for heptanehexadecane mixtures as a function of composition. From their data it can be concluded that values of (o'Y/oxA) computed from Equation 10 will be within 5 to 15% of the true value for the various experimental situations encountered in this study.
Densities were determined with a 10-ml pycnometer. The density of n-tridecane was found to be 0.756 and 0.749 g/ml at 20 and 30°0, respectively. Densities for all liquid mixtures showed that there was essentially no volume change upon mixing, -thus validating the assumption of constant VA and VB.
Gas-phase diffusivities were computed by the methods reported in Part I of this series.
Liquid viscosities were measured as a function of composition with a capillary flow viscometer, kept isothermal in a constanttemperature bath. The results were fitted to a polynomial of the form
Values of the constants are given in Table 1 .
Liquid-phase diffusivities were obtained as a function of The behavior of the n-pentane, cyclopentane and ethyl ether systems was traced to a form of cellular convection which was operative in the liquid phase. Under clOse visual examination of the liquid in the surface region, small streamers could be seen, which were moving in a vertical direction as they were swept along by the fluid motion.
A confirmation that the anomalous mass transfer behavior was caused by a liquid-phase phenomenon is given in Figure 5 , which represents an experimentally obtained concentration profile for the n-pentane system. As can be seen, the experimental profile is at an intermediate position between the predicted profile and the profile for k~ = ~, which again indicates that the liquid-phase mass transfer coefficient is much higher than its predicted value, while the gas phase is behaving in the manner After it had been shown that the increased liquid-phase mass transfer coefficient was caused by cellular convection, it was next necessary to ascertain which of four possible mechanisms was producing the flow instability. These four mechanisms can be summarized as:
Surface tension driven, induced by temperature gradients. 2 . Surface tension driven, induced by con,centration gradients. 3 . Density driven, induced by temperature gradients. 4 . Den$ity driven, induced by concentration gradients.
·In order to·make this decision, it was necessary to examine the . previous work which has been carried out ',in the· area of interfacial cellular convection.
Cellular Convection
A large portion of the work on cellular conveetion has been devoted to the prediction of the onset of the flow instability. A.1isting of the various solutions and the assumptions inherent in each can be found in the summary by Berg. Acrivos and Boudart. 3 The primary value of all these solutions is their ability to predict the conditions required for the onset of cellular convection. Although the exact stability criteria of the system are dependent upon the wavelength of the initial disturbance. the theory is also able to predict a region that is stable to any disturbance proyided that a single dimensionless variable. R. is less than a given critical value. (12) This dimensionless group, which is called the Rayleigh number, has different critical values ranging from 657 to 1710, depending upon the applicable boundary conditions.
In 1958, Pearson 22 
The critical values for the Thompson number were found to be 80 for the isothermal case and 48 for the constant flux case. An assumption which is inherent in the analyses which have been made of both the denSity-and surface tension-driven flows is that of a linear temperature gradient between the upper "and lower surfaces. This is often a good assum,ption for a temperature profile, but for the analogous problems that are caused by concentration gradients it frequently becomes quite poor. This is primarily because of the exceedingly low values of 1iquidphase diffusivity, which lead to small penetration depths and therefore nonlinear, undeveloped profiles in many situations.
Another difference between the temperature-dependent and the concentration-dependent problems is in the properties entering into the Thompson and Rayleigh numbers; these are given in their concentration-dependent form below.
Nonlinear Theory
The key to a successful theoretical prediction of the flow 
Evaluation of Experimental Results
In view of the work which has been carried out thus far, there does not appear to be any satisfactory method for predicting the quantitative effect of surface tension-driven cellular convection upon mass transfer coefficients.
Since each of the four mechanisms cited previously can be 'Of the four mechanisms, two tend to predominate, the concentration gradient-induced, surface tension-driven " instability and the temperature gradient-induced, density-driven instability. 'This is primarily due to the dependence of the groups on h, whi'cli is h 2 for Th and h4 for R. Because of the extremelylo~ value of the liquid-phase diffusivities, htends to be quite small for the concentration profile; thus the value of Th tends to be much larger than the value of R for the, concentration-dependent situation. For the temperature-' 'dependent forms the reverse is true. The penetration depths for the temperature profiles tend to be fairly large, making the density-driven situation relatively more important than the surface tension-driven one.
The CS 2 /n-tridecane system should not exhibit concentration gradient-induced cellular convection, Since both the density and the surface tension of CS a lie in the wrong direction from that of tridecane. The results for this system shown in Figure 1 support this conclusion, with the agreement between experiment and interphase theory remaining quite good at values of XLA up to 0.30 or more. This good agreement for the CS 2 system serves to SUbstantiate the validity of the approach used for the prediction of interphase mass transfer rates in the absence of cellular convection.
The deviation which finally begins to occur in the CS 2 /tridecane data at the higher concentration levels can be attributed to temperature gradient-induced, density-driven cells. Presumably these cells resulted from the temperature gradientinduced, density-driven mechanism.
Since the majority of the cellular convection appeared to be attributable to the concentration gradient-induced, surface tension-driven mechanism, an effort was made to correlate the , mass transfer behavior of the liquid phase with the physical parameters which lead to this type of cellular convection.
It was found that a single value of Th cr = 8000 was sufficient to predict the point of instability of all the experimental systems studied. A table of the values of XLAwhich corresponds to Thor == _8000 is given below. The experimental results of this study are shown in Figure   6 , plotted in the form suggested by Equation 22 . As can be seen, the agreement between the three different systems -n-pentane, cyclopentane, and ethyl ether is quite good when placed on this basis. It is interesting to note that the increase in the mass transfer coeffj,.cient due to cellular convection can be quite large for some systems, such as the ethyl ether/tridecane mixt~e where the observed value of k~,avg reached 10 to 20 times the expected value. Another fact which may /be observed from Figure 6 is that the initial slope is approxi- 
3.
A simple calculational approach has been developed for the prediction of the effect of mass transfer upon the interfacial temperature of a liquid (or liquid mixture) evaporating into a laminar gas stream. This method was confirmed experimentally.
Part II:
A trial and error, addition of resistances technique
has been developed to predict interphase, high flux and high concentration level mass transfer rates. This procedure was also confirmed experimentally for the evaporation of CS a from n-tridecane into nitrogen. 5 . An , Figure 6 . 'Correlation of the effect of' surface tension-,driven cellular convection upon liquid-phase mass transfer . coefficients.
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